Calcium phosphate cement (CPC) is highly promising for clinical uses due to its in situ-setting ability, excellent osteoconductivity and bone-replacement capability. However, the low strength limits its use to non-load-bearing applications. The objectives of this study were to develop a layered CPC structure by combining a macroporous CPC layer with a strong CPC layer, and to investigate the effects of porosity and layer thickness ratios. The rationale was for the macroporous layer to accept tissue ingrowth, while the fiber-reinforced strong layer would provide the needed early-strength. A biopolymer chitosan was incorporated to strengthen both layers. Flexural strength, S (mean7sd; n ¼ 6) of CPC-scaffold decreased from (9.771.2) to (1.870.3) MPa (po0.05), when the porosity increased from 44.6% to 66.2%. However, with a strong-layer reinforcement, S increased to (25.276.7) and (10.071.4) MPa, respectively, at these two porosities. These strengths matched/exceeded the reported strengths of sintered porous hydroxyapatite implants and cancellous bone. Relationships were established between S and the ratio of strong layer thickness/specimen thickness, a/h:S ¼ (17.6 a/h+3.2) MPa. The scaffold contained macropores with a macropore length (mean7sd; n ¼ 147) of (183773) mm, suitable for cell infiltration and tissue ingrowth. Nano-sized hydroxyapatite crystals were observed to form the scaffold matrix of CPC with chitosan. In summary, a layered CPC implant, combining a macroporous CPC with a strong CPC, was developed. Mechanical strength and macroporosity are conflicting requirements. However, the novel functionally graded CPC enabled a relatively high strength and macroporosity to be simultaneously achieved. Such an in situ-hardening nano-apatite may be useful in moderate stress-bearing applications, with macroporosity to enhance tissue ingrowth and implant resorption. r
Introduction
The need for biomaterials has increased as the world population ages [1, 2] . To meet this need, extensive studies have been performed to develop biomaterials for bone repair [3] [4] [5] [6] . Calcium phosphate cements (CPC) are highly promising for wide clinical uses due to their self-setting ability, excellent osteoconductivity, and capability to be replaced by new bone. The first CPC was developed in 1986 [7] . It consisted of tetracalcium phosphate (TTCP, Ca 4 (PO 4 ) 2 O) and dicalcium phosphate anhydrous (DCPA, CaHPO 4 ) [7] . Since then, several different CPC have been developed [8] [9] [10] [11] [12] [13] [14] [15] . The CPC paste can intimately adapt to neighboring bone even for irregularly shaped cavities, and then harden in situ to form hydroxyapatite [16] [17] [18] . Since the hydroxyapatite from CPC is formed in an aqueous environment at 37 1C, it is more similar to biological apatites than sintered hydroxyapatite formed at high temperatures [18] . Hence, CPC is highly bioactive and osteoconductive, and can be replaced by new bone [16] [17] [18] . As a result, CPC was approved in 1996 by the Food and Drug Administration for repairing craniofacial defects in humans, thus becoming the first CPC available for clinical use [17] .
However, the low strength and susceptibility to catastrophic fracture have limited CPC to only non load-bearing repairs [16] [17] [18] . The use of CPC was ''limited to the reconstruction of non-stress-bearing bone'' [16] , and ''clinical usage was limited by y brittleness y'' [18] .
Macropores were built into biomaterials for bone repair [4] [5] [6] [19] [20] [21] . The macropores facilitated bony ingrowth and implant fixation [6, [19] [20] [21] . One advantage of CPC over sintered hydroxyapatite was that it could form macroporous hydroxyapatite in situ in the bone site without machining [22] . In previous studies, macropores were created in CPC by using a foaming agent (a hydrogen peroxide solution) [23] , a hydrophobic liquid (oil) [24] , calcium sulfate [25] and degradable polymer microparticles [26] . But macropores severely degraded the CPC strength [22] . After macroporous materials were implanted in vivo, the strength significantly increased once new bone started to grow into the macropores [27, 28] . Therefore, it is in the early stage of implantation when the macroporous implant is in the most need of strength [27, 28] .
The present study explored a unique approach for providing the needed early strength via a layered CPC structure (Fig. 1A) . First, a macroporous CPC paste was placed into the bone cavity. Then a strong CPC paste was placed to fill the cavity. As shown in Fig. 1B , fast-soluble porogens such as mannitol particles could be incorporated into the macroporous layer to provide immediate macropores for tissue ingrowth, while the strong layer could be fiber-reinforced to provide the early strength to the implant. Previous studies showed that significant bone ingrowth into porous implants occurred in a few weeks [27, 28] . Once new bone has grown into the macroporous layer, thus increasing the strength, the absorbable fibers in the strong layer would then dissolve to create long macroporous channels for continued tissue ingrowth.
The objective of this study was to develop a macroporous CPC/strong CPC-layered structure to provide the needed early strength to the macroporous CPC, and to understand relationships between mechanical properties, porosity and layer thickness ratios. Three hypotheses were tested: (1) the layered structure would have a significantly higher strength than the macroporous CPC alone without a layered structure; (2) the mechanical properties of the overall implant would depend significantly on the porosity in the macroporous layer; (3) the macroporous layer thickness/strong layer thickness ratio would be a key design parameter for the layered structure.
Materials and methods

CPC powder
The TTCP powder was synthesized from a solid-state reaction between equimolar amounts of CaHPO 4 (DCPA) and CaCO 3 (J.T. Baker Chemical, Phillipsburg, NJ), which were mixed and heated at 1500 1C for 6 h in a furnace (Model 51333, Lindberg, Watertown, WI). The heated mixture was ground in a blender and sieved to obtain TTCP particles with sizes ranging from approximately 1-80 mm, with a median particle size of approximately 17 mm. The DCPA powder had a particle size range from 0.4 to 3 mm, with a median size of about 1 mm. The TTCP and DCPA powders were mixed at mass fractions of 73% TTCP and 27% DCPA (the TTCP/DCPA mol/mol ratio was equal to 1) to form the CPC powder.
Chitosan
A chitosan liquid was made by mixing chitosan lactate (VANSON, Redmond, WA; referred to as chitosan) with distilled water at a mass fraction of 15% (i.e., chitosan/(water+chitosan) ¼ 15% by mass), based on the results of previous studies [29, 30] . Chitosan and its derivatives are natural biopolymers found in arthropod exoskeletons; they are biocompatible, biodegradable and hydrophilic. Although chitosan is not bioactive, the bioactivity can be provided by CPC in a CPC-chitosan composite. The purpose of incorporating chitosan into CPC in the present study was to strengthen the CPC.
Porogen
Water-soluble mannitol crystals were used to produce macropores in CPC. Mannitol was selected because it has the appropriate solubility, is non-toxic, and is physiologically compatible [22] . Mannitol (CH 2 OH[-CHOH] 4 CH 2 OH, Sigma Chemical, St. Louis, MO) was recrystallized in an ethanol/water solution at 50/50 by volume, filtered, dried, ground, and sieved through openings of 500 mm (top sieve) and 300 mm (bottom sieve) [31] . The mannitol crystals were mixed with CPC powder at the following mannitol/(mannitol+CPC powder) mass fractions, M ¼ 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7. M of 0.7 is equivalent to 70%.
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Macroporous Layer:
Mannitol porogen dissolves quickly to form macropores for tissue ingrowth into the CPC scaffold.
Strong Layer: Fibers reinforce while bone grows into the macroporous layer. After new bone reinforces the scaffold, fibers then dissolve to create channels to continue ingrowth.
Cortical bone Cancellous bone
Macroporous CPC Strong CPC Fig. 1 . Schematic of cortical and cancellous bone, showing a cavity that was partially filled with a macroporous CPC paste, followed by a strong CPC paste. Fast-soluble mannitol could be incorporated into the macroporous CPC layer for tissue ingrowth, while the strong layer would provide the needed early strength. Once new bone has grown into the macroporous layer, thus strengthening the implant, the fibers in the strong layer would then dissolve to create macroporous channels for continued ingrowth.
Absorbable fiber
An absorbable fiber (Vicryl, Ethicon, Somerville, NJ) was selected because this fiber was clinically used as a suture material, and it possessed a relatively high strength [32] . This suture consisted of individual fibers braided into a bundle with a bundle diameter of 322 mm. It provided substantial strength and toughness for about 4 weeks, and then dissolved and produced macropores in CPC as shown in a previous study [33] . As in that study, the suture was cut to filaments of 8 mm in length and randomly mixed into the CPC paste. A fiber volume fraction of 30% (fiber volume/specimen volume) was used following a previous study, which showed that it provided substantial reinforcement without rendering the paste too dry [34] .
Specimen fabrication
Four groups of specimens were fabricated. The purpose of Group 1 was to create macropores in CPC and determine the effect of chitosan reinforcement on macroporous CPC. Table 1 lists four materials for Group 1. The mannitol/(CPC powder+mannitol) mass fraction M was fixed at 0.4 (for Group 2, the mannitol mass fraction was systematically varied from 0 to 0.7). The liquid was a 0.75 mol/L sodium phosphate solution (Abbott Laboratories, North Chicago, IL) to cause cement fast setting [22] . Fast setting was needed for specimens containing mannitol. This is because in a slow-setting cement the mannitol crystals would have enough time to dissolve, coating the TTCP and DCPA particles with a film of mannitol and hindering the setting reaction of the cement. Both the chitosan solution and the sodium phosphate solution could induce fast setting. One purpose of this group was to determine their effects on setting and mechanical strength. The same powder:liquid mass ratio of 2:1 was used for Groups 1-4.
Each powder and liquid were mixed and the paste was filled into a rectangular stainless-steel mold of 3 Â 4 Â 25 mm 3 , sandwiched between two glass slides. The specimen was allowed to set in a humidor with 100% relative humidity at 37 1C for 4 h [22] . Then, the hardened specimens were demolded and immersed in a simulated physiological solution (1.15 mmol/ L Ca, 1.2 mmol/L P, 133 mmol/L NaCl, 50 mmol/L HEPES, buffered to a pH of 7.4), and stored at 37 1C for 20 h prior to mechanical testing [35] . Preliminary studies showed that this immersion dissolved the mannitol and created macropores in CPC. Table 2 lists the compositions in Group 2 for the purpose of systematically studying the effect of mannitol content on the CPC-chitosan composite. The powder:liquid mass ratio was 2:1 for all four Groups. Specimens were fabricated as described for Group 1. Table 3 lists Group 3 for the study of the macroporous CPC/strong CPC-layered structure as a function of pore volume fraction in the macroporous layer. Using the 3 Â 4 Â 25 mm 3 mold, each layer had a width of approximately 4 mm, a length of 25 mm, and a thickness of 1.5 mm. The fiber layer used CPC powder with 30% by volume of fibers ( ¼ fiber volume/[3 Â 4 Â 1.5 mm 3 ]). The fiber volume was calculated by fiber density and fiber mass. Table 4 lists Group 4 for the investigation of the effect of layer thickness ratio. The macroporous layer used the CPC powder with mannitol at an intermediate mannitol mass fraction of 0.4 (without fibers). The strong layer contained CPC powder and 30% by volume of fibers (without mannitol). For both layers, the 15% chitosan liquid was used for reinforcement. Specimens were fabricated and immersed in a physiological solution as described for Group 1.
Cement setting time
The powder and liquid of each material were manually mixed with a spatula to form a cohesive paste that was filled into a stainless steel mold of 6 mm diameter and 3 mm deep. Each specimen in the mold was placed in a humidor with 100% relative humidity at 37 1C. When the powder component of the specimen did not come off when scrubbed gently with fingers as described in a previous study [35] , the setting reaction had occurred enough to hold the specimen together. The time measured from the powder-liquid mixing to this point was used as the setting time for the specimen.
Mechanical testing
Flexural strength and elastic modulus were measured in three-point flexure with a 20 mm span at a crosshead-speed of 1 mm/min on a computer-controlled Universal Testing Machine (5500R, MTS, Cary, NC). Flexural strength was calculated by
, where F max is the maximum load on the load-displacement curve, L is flexure span, b is specimen width, and h is specimen thickness. Elastic modulus was calculated by
, where load F divided by the corresponding displacement c is the slope of the load-displacement curve in the linear elastic region [36] .
Density, porosity, and macropore size distribution
The fractured halves of specimens of Group 2 for which the mannitol had been leached out were used to measure the density and porosity. The Mannitol was a porogen that was used to create macropores in CPC. The mannitol/(CPC powder+mannitol) mass fraction M was fixed at 0.4 for Group 1.
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c Chitosan biopolymer was used to cause fast-setting and strengthening to the cement. The chitosan/(chitosan+water) mass fraction ¼ 15%. Table 2 Group 2: effect of mannitol content on CPC-chitosan scaffold properties
ends of each specimen were polished with 600 SiC paper to render them flat and approximately parallel [22] . The specimens were dried in a vacuum oven (Model DP-21, American Scientific Products, McGaw Park, IL) at 60 1C for 24 h. As described in a previous study [22] , the density, d, of the material was measured by using the specimen mass divided by the specimen volume. The volume was calculated from the specimen dimensions, measured with a micrometer; each dimension was the average of three locations along the specimen. A previous study showed that this method yielded porosity and density that closely matched those measured by a mercury intrusion method [22] .
For CPC specimens without chitosan, the porosity of the specimen, P, can be obtained by
where d HA is the density of fully dense hydroxyapatite without chitosan and is equal to 3.14 g/cm 3 [22] , and d is the measured density of the specimen. For CPC-chitosan composite, the porosity can be similarly calculated by P ¼ (d HA+CN Àd)/d HA+CN , where d HA+CN is the density of the fully dense hydroxyapatite-chitosan composite [31] . P can be calculated using the measured density d of the specimen, the density of chitosan lactate (0.55 g/cm 3 , manufacturer's data), together with the masses of the components used to make the specimen [31] .
The macropore size distribution was measured via a scanning electron microscope (SEM, model JSM-5300, JEOL, Peabody, MA). Specimen sections were sputter-coated with gold and examined in the SEM to measure the macropore length and diameter because the pores were elongated. CPC also contained numerous micropores of sizes ranging from tens of nm to a few mm. Since the purpose of the present study was to create macropores in CPC for cell infiltration and tissue ingrowth, only macropores of sizes of about 50 mm or larger were included in the analysis of macropore size distribution.
Conversion to hydroxyapatite
Powder X-ray diffraction (XRD) analysis was used to examine the effect of chitosan and mannitol on the CPC conversion to hydroxyapatite for specimens of Group 1 [29] . Specimens were dried and milled into powder by mortar and pestle. The XRD patterns were recorded with a powder X-ray diffractometer (Rigaku, Danvers, MA) using graphite-monochromatized copper K a radiation (l ¼ 0.154 nm) generated at 40 kV and 40 mA. The 0 0 2 peak intensity of hydroxyapatite was used to measure the percentage of conversion to hydroxyapatite. All data were collected in a continuous scan mode (11 2y min À1 , step time 0.6 s, step size 0.011).
SEM and statistics
Selected specimen surfaces and cross-sections were examined via the same SEM. One-way and two-way ANOVA were performed to detect significant effects. Tukey's multiple comparison was used to compare the data at a family confidence coefficient of 0.95. As shown in Fig. 2B , CPC without macropores had a flexural strength (mean7sd; n ¼ 6) of (3.671.2) MPa using water, not significantly different from the (3.571.1) MPa using the sodium phosphate solution (p40.1). Hence fast setting (A) was achieved without compromising strength. However, when macropores were created in CPC using mannitol, the strength decreased precipitously to (1.170.1) MPa (po0.05). With chitosan reinforcement, the strength was increased back to (3.170.4) MPa even with macropores (Fig. 2B) . The strength of the macroporous CPC-chitosan scaffold matched that of CPC without macropores (p40.10). Fig. 3A shows typical macropores produced by mannitol in the CPC-chitosan composite. The macropores appeared to be well formed in the shapes of the entrapped mannitol crystals, with no noticeable difference between specimens with or without chitosan. The apatite crystals that make up the CPC are shown in Fig. 3B for CPC without chitosan. Similar nanosized crystals were observed in the CPC with chitosan. Fig. 3C plots the histogram of macropore size distribution by measuring 147 randomly selected macropores in the cement specimens. The macropore length (mean7sd; n ¼ 147) was (183773) mm. The macropore diameter was (95740) mm. Hence the pore aspect ratio was 1.9. The mass percentage of CPC conversion to hydroxyapatite (mean7sd; n ¼ 3) ranged from (91.673.7)% for CPC using water without macropores to (95.173.2)% for CPC-chitosan with macropores, with no significant difference between the materials (p40.1).
Results
Group 1: effect of porosity and chitosan reinforcement
ARTICLE IN PRESS
Group 2: effect of mannitol content on mechanical properties
Flexural strength and elastic modulus for the CPC-chitosan scaffold are plotted as a function of mannitol mass fraction (Fig. 4) . Flexural strength significantly decreased from (9.771.2) MPa with no mannitol to (3.170.4) MPa with mannitol mass fraction of 0.4, and further to (1.870.3) MPa with mannitol mass fraction of 0.7 (po0.05). The corresponding elastic modulus significantly (po0.05) decreased from (1.8570.46) GPa to (0.887 0.13) GPa, and to (0.3770.04) GPa, at these three mannitol fractions, respectively. 
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Group 2: effect of mannitol content on density and porosity
The density of CPC-chitosan-mannitol scaffold after mannitol dissolution is plotted in Fig. 5A . The density (mean7sd; n ¼ 6) decreased from (1.5070.01) g/cm 3 with no mannitol, to (1.1570.01) g/cm 3 with mannitol mass fraction of 0.4, and further to (0.9270.02) g/cm 3 with mannitol mass fraction of 0.7 (po0.05). The corresponding porosity (pore volume fraction) in (B) increased from (44.670.4)% to (57.770.4)%, and further to (66.27 0.7)%, respectively (po0.05). A pore volume fraction of 66.2% and 0.662 are used interchangeably. The lines are linear best fits to the data, with correlation coefficient r ¼ 0.99 for both density and porosity.
3.4. Group 3: effect of porosity in the macroporous layer on the overall layered structure As shown in the schematic at the top of Fig. 6 , the layer thickness was fixed, but the porosity inside the macroporous layer was changed by varying the mannitol fraction from 0 to 0.7. The strong layer contained fibers but no mannitol and was not varied. The flexural strength of the overall structure (Fig. 6A) (Fig. 6B) showed a similar, decreasing trend. Compared to the macroporous CPC-chitosan composite in Fig. 4 without a strong layer, the strengths of the layered structure in Fig. 6A are substantially higher. At mannitol mass fraction of 0.2, the strength of the layered structure in Fig. 6 was (16.473.5 ) MPa, three times higher than the (5.371.3) MPa of macroporous CPC-chitosan without a strong layer in Fig. 4 . At mannitol fraction of 0.7, the strength of the layered structure was (10.071.4) MPa, 5-fold greater than the (1.870.3) MPa of the macroporous CPC-chitosan without a strong layer.
Group 4: effect of layer thickness ratio on the layeredstructure properties
In Fig. 7, a/h ¼ 0, 0.17, 0.33, 0.50, 0 .67, 0.83, and 1 ( Table 4 ). The flexural strength S as a function of a/h is plotted in Fig. 7A , and the corresponding elastic modulus E is plotted in (B). Both S and E are significantly increased with increasing a/h (Tukey's at 0.05). The equations in Fig.  7 are described Section 4.
Discussion
In previous studies, several different compositions of CPC were developed [8] [9] [10] [11] [12] [13] [14] [15] . A number of other studies investigated the setting reaction [8] , in vitro aging [12] , macroporous scaffolds [22] [23] [24] [25] [26] [32] [33] [34] [35] , and shelf life of CPC [38] . Fast-setting and anti-washout CPC were also formulated [9, 35, 39] . Recent studies examined the injectability of various CPC [13, [40] [41] [42] .
Functionally graded
Based on our literature search, the present study appeared to represent the first effort in using an in situhardening CPC to design a layered, strong and macroporous, ''functionally graded'' implant. A functionally graded material differs from a uniform composite in that it has varying composition and property from one side of the material to the other side, either continuously, or stepwise as in a layered structure [43, 44] . Our simple bi-layer structure consisted of a first layer serving the function of macropores for cell infiltration and for rapid integration of the implant with the surrounding bone. The second layer served the function of providing the needed early strength to the CPC implant. After significant bone ingrowth into the macroporous layer, thus strengthening the implant, the fibers in the strong layer would then dissolve to create additional macropores to continue the tissue ingrowth. Mechanical strength and macroporosity are conflicting requirements. However, the novel functionally graded CPC enabled a relatively high strength and macroporosity to be simultaneously achieved.
Further studies are needed to investigate more complicated, functionally graded CPC. For example, a tri-layer implant could have a macroporous first layer, a second layer with fibers of a medium dissolution rate, and a strong external layer with fibers having a slow dissolution rate to provide longer-term reinforcement. Another example would be to use a fast-resorbable CPC as the first layer, followed by a slowly resorbable, but much stronger composition, to better match the new bone formation rate. While further studies are needed to develop these 6 . Effect of porosity in the macroporous layer on the layered CPC structure: (A) flexural strength, and (B) elastic modulus. The layer thickness was fixed at 1.5 mm each. The porosity inside the macroporous layer was changed by varying the mannitol mass fraction in that layer from 0 to 0.7. The strong layer contained 30% fibers but no mannitol. The macroporous layer had no fiber. Both layers used the liquid with 15% chitosan. Each value is mean7sd; n ¼ 6. Line connects data for visual clarity.
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functionally graded CPCs, the present study provided information on the creation of macropores, the effect of chitosan reinforcement, and the influence of layer thickness ratio, on the layered implant properties. Such information may be useful not only to direct-filling restorations, but also to the design of pre-formed implants.
Effect of strong layer reinforcement
Our first hypothesis was that the layered structure would have a significantly higher strength than the macroporous CPC alone without a layered structure. The strengths in Fig. 4 for the macroporous CPC alone and the much higher strengths in Fig. 6 for the layered structure proved this hypothesis. Macropores severely degraded the CPC strength (Fig. 2B ), but chitosan reinforcement effectively increased the strength. However, even with chitosan reinforcement, increasing the mannitol content significantly decreased the scaffold strength (Fig. 4A) . At mannitol mass fractions of 0.4-0.7, with corresponding porosity of 57.7-66.2%, the scaffold strength was only 2-3 MPa. Fortunately, with a strong layer reinforcement, the flexural strength was dramatically increased to 410 MPa, even with a porosity of around 60% (Fig.  6A) . In comparison, sintered porous hydroxyapatite implants have flexural strengths ranging from 2 to 11 MPa [45] . Cancellous bone has a tensile strength of about 3.5 MPa [46] .
While the measurements are not identical and direct comparison cannot be made, these data suggest that the strength of the CPC layered structure matched/exceeded those of sintered porous hydroxyapatite implants and cancellous bone, even with a highly porous CPC layer with macropores suitable for cell infiltration and tissue ingrowth. While matching/exceeding the strength of sintered hydroxyapatite implants, the layered CPC structure is advantageous because of its in situ hardening ability without machining, intimate adaptation to neighboring bone, and ability to be replaced by new bone.
Effect of porosity
Our second hypothesis was that the mechanical properties of the overall implant would depend significantly on the porosity in the macroporous layer. This hypothesis was proven in Fig. 6 . When the porosity in the macroporous layer increased, the strength of the overall implant steadily decreased from about 25 to 10 MPa. The elastic modulus decreased from about 3 to 1 GPa.
It would be useful to predict the porosity based on mannitol mass fraction. The density d of the CPC-chitosan scaffold was related to the mannitol mass fraction M by d ¼ 1.46À0.82 M. The porosity P was related to M by P ¼ 0.46+0.31 M. Hence P could be predicted once M is known, and M could be tailored to obtain a specific P for a particular application.
It is interesting to compare the porosity values with previous studies. Previous studies on sintered hydroxyapatite implants reported pore volume fractions ranging from 34% to 48% [47] , 40% [6] , 48% and as high as 75% [48] . In the present study, the macroporous CPC-chitosan-mannitol layer, after mannitol dissolution, had pore volume fractions of 44.6-66.2%. They are within the range of those in previous studies. In addition, the strong layer contained 30% by volume of absorbable fibers. These fibers could provide the needed early strength for several weeks, then dissolve and create macropores as shown in previous studies [31] [32] [33] . Hence, in addition to the macropores in the macroporous layer, the strong layer could also create about 30% of macropores after fiber dissolution. It is also interesting to compare pore sizes with previous studies. Previous studies showed that pore sizes of at least 100 mm were required for significant bone ingrowth [47] . Previous studies used hydroxyapatite implants with pore diameters of 100 and 150 [6, 48] , and 500 mm [19] . In the present study, the macropore sizes in Figs. 3A and C were similar to those of previous values and suitable for cell infiltration and tissue ingrowth. Furthermore, the dissolution of fibers in the strong layer would create cylindrical macropore channels about the diameter of the fibers (322 mm) as shown in previous studies [34, 35] .
Effect of layer thickness ratio
Our third hypothesis was that the macroporous layer thickness/strong layer thickness ratio would be a key design parameter for the layered structure. In Fig. 7 , a is defined as the strong layer thickness, and h is the overall specimen thickness. The following empirical relationship is proposed:
where S is the flexural strength of the overall specimen, S strong layer is the strength of the strong layer, and S macroporous layer is the strength of the macroporous layer. This equation agrees with the expectation that, in the extreme case when a ¼ 0 and a/h ¼ 0, there is only a single macroporous layer with no strong layer, hence S ¼ S macroporous layer . In the other extreme case, when a ¼ h, there is only a strong layer without a macroporous layer, hence S ¼ S strong layer . Similarly, elastic modulus
Linear regression best fits of these equations to the experimental data in Fig. 6 yielded:
with correlation coefficient r ¼ 0.98 and 0.88, respectively. The first implication of these equations is that, the thickness ratio a/h could be tailored to achieve a predetermined strength based on specific application needs. A larger a value would yield a larger S value. A smaller a would yield a thicker macroporous layer with the potential benefit of more new bone formation and faster implant resorption. The second implication is that S in Eq. (2) increases with increasing S strong layer and S macroporous layer ; hence both the strong layer and the macroporous layer need to be reinforced to obtain the maximum S. The third point is that the coefficients in Eqs. (2) and (3) (e.g., S strong layer , and S macroporous layer ) depend on the properties of the individual layers. Hence while the general Eqs. (2) and (3) may be valid for different cement systems, Eqs. (4) and (5) are cement-specific and dependent on the different CPC compositions and powder to liquid ratios.
When natural bone is subjected to bending in different directions, there is always a cortical bone layer supporting the maximum tensile stress. That was why in our test configuration, the strong fiber layer was placed in tension. However, in cases where the bone was subjected in uniaxial tension, then the macroporous layer would also be in tension. Further studies are needed to: (1) examine the implant properties with the macroporous layer in tension; (2) design other functionally graded CPC structures with tailored resorption rates and load-bearing capabilities; and (3) investigate the layered structures in animal models to examine the effects of the macroporous layer on new bone formation.
Conclusions
An in situ hardening, strong and macroporous, nanoapatite implant was designed. The macroporous layer had macropores suitable for tissue ingrowth. The strong layer provided the needed early strength. The rationale was that after bone ingrowth into the macroporous layer, thus strengthening the implant, the fibers in the strong layer would then dissolve to create additional macropores for continued ingrowth. While mechanical strength and macroporosity are usually conflicting requirements, the novel functionally graded CPC enabled a relatively high strength and macroporosity to be achieved simultaneously. Relationships were obtained between flexural strength, modulus and implant layer thickness ratios. These relationships may be useful in tailoring the thickness ratios and designing each layer with desired properties, based on the specific needs for the stress-bearing ability and for the amount of macroporosity.
Disclaimer
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